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LI ST OF FI GURES

Fig. 1 The surface pressure station network P-U-N covering the Bering
Strait region. P is Bukhta Provideniya, U is Uelen (both in
Siberia) and N is None, Alaska. The Diomede Islands (D) are in
the center of the Strait, Cape Schmdt (S) is bel ow Wrangel I|sland,
and Cape Wales (W and Cape Dezhneva (X) are on the tips of the Seward
and Chukchi Peninsulas respectively. Muntain axes are shaded for
BMPNAST S, . e

Fig. 2. The atmospheric pressure field (top) determned by pattern
recognition techniques (Hufford 1984) that is associated with
southward ice novenent below the Strait and westward movement
(bottom) of ice out of Norton Sound (Stringer and Hufford, 1982).

Arrows on isobars (top) indicate wind direction in the Strait

Fig. 3. The “relaxed” atnospheric pressure field (top) determ ned by
pattern recognition techniques (Hufford, 1984) that results in
northward ice novement into the Strait and eastward novement
(bottom of ice into Norton Sound (Stringer and Hufford, 1982) .

Fig. 4. An exanple of the lack of detail on an NMC surface isobaric
analysis (dashed lines in rob). The mesoscale network (Provideniya
[P], Uelen [U, and Nome [N]) shovs a Vg (see arrow) of 12.4 ms’?

from 248°. The surface wind speeds at designated station |ocations

1

are ~ 5 ms'l for each perpendicular flag, ~ 2.5 ns - for slant flags

(i.e. Kotzebue [K]) and ~ Ofor a circle (i.e. P). Qther stations

v
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Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

shown are Point Lay (L) and Cape Schmdt (S). The sea ice in the
Strait area moved 15 kmto the north . . . . .. ... .. .. ... ..
An exanmple of the advantages of the network P-U-N analysis over
both pattern recognition and NMC surface isobaric analysis

(dashed lines in rob). Despite an apparent “relaxation”, the

1

1200 GVT network analysis shows a Vv, (see arrow) of 11.0 ns~

6 (
from 75°. The station and flag designations are as in Fig. 4.

The sea ice in the Strait area noved 6 kmto the south . . . . . . . . .. . . ..
An exanple of the effects of orography on the surface wnd
directions despite a well defined isobaric pattern (dashed

lines inrob). The P-U N network analysis shows Ve (see arrow) of
23 ms‘ 'from56.8°. The station and flag designations are as in
Fig. 4. The None (N) and Kotzebue (K) winds would give no clue that
the sea ice in the Strait noved 50 kmto the south during this day..
A section of an NMC surface pressure analysis that indicates

weak surface wi nds and no apparent reasons for sea level in

the Bering to be higher than that of the Chukchi. The net sea

ice movement calculated with P-U-N data was 18 kmto the north

for a v, (see arrow of 2.6 ins-1 frm®.7............. ... ... ... ...

6 (
The Bering Strait sea ice novement prediction nonogram with
Geek and Latin letters representing sanple MAPN conput ed \7G's
used in its construction (see Table 2). The Strait axis is 40°
fromthe north and has ice novement arrows neeting in the Force
1

Bal ance Zone. The center solid circle is the €3 ms = W nd

speed zone and it represents direction uncertainties >15° . . . . . . . .. ..
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Fig. 9. | ce displacenent (top) conpared to MAPN Ve's for 6-28 April
1982 plotted with corresponding day nunbers on the sea ice
movement prediction nonogram (bottom). The nunber positions
represent wind velocity vectors whose V,o component s define
the daily predicted ice novement zone. X is a sanple Ve
calculated from surface pressure data in Fig. 6. Drawing a
perpendicular line from X to the Strait axis results in a

a0 22 in’l. This is the lIce Into Bering > 20 km (day)-l

Fig. 10. A satellite photograph taken My 5, 1980 show ng the
characteristic solid double ice arch in the Bering Strait using
the tip of the Chukchi Peninsula (D), the Dionede Islands and the
Seward Peninsula (W tip as anchor points. There is a large
expanse of open water (OWN south of the Strait, south of the
Chukchi Peninsula and in Norton Sound . . . . . . . . . . ...
Fig. 11. Sanples of MAPN Ve's from desi gnated doubl e arch periods
April 14-May 10, 1980, February 26-March 8, 1984, and March 22-
April 21, 1984 plotted on the nonogram There are several cases

(encl osed by dashed oval) with V,, 2 17 ins-| indicating a

40 =
predicted ice nmovement into the Bering Sea of greater than 20

Fig. 12. An enlargement of the Strait area taken fromthe Fig. 10
phot ograph.  The dashed curves show the actual sea ice arches
to avoid confusion with |and boundaries. The dark area is open
water. The inset (top) is a sketch of an idealized free arch

showi ng the span width (2A) and the angle (8) between the

horizontal and tangent to the free surface..........................
109



LI ST OF TABLES

Table 1. Exanples of past sea ice novenents events through the

Bering Strait documented by satellite imagery

Table 2. Selected sea ice novenment events for the Bering Strait

plotted in Fig. 8

Table 3. Net buoy displacements (x) versus nonogram predictions (NP)...

111



ABSTRACT

The weat her stations at Uelen (Siberia), Bukhta Provideniya (Siberia)
and None (Al aska) surround the Bering Strait. Surface atmospheric pressure
data fromthis mesoscale triangular station network can be used to calculate
hypot heti cal geostrophic wind velocities in the area of the Strait axis. Net
24 h Strait ice novenent has been derived fromdaily visible and infrared
NOAA satellite imagery for the nonths of Novenber through May from 1974 to
1984, These historical ice notion data and network velocity data have
recently been matched to forman enpirical 12 h advance forecast (nowcast)
prediction scheme for sea ice nmovenment that has all-weather capabilities. In
addition, study results have identified three nmodes of ice movement and two
nodes of ice inmmobilization.

The first novement node is southward requiring a network geostrophic
wi nd of at least 12 ns'l fromthe northeast and results in transport of ice
fromthe Chukchi Sea to the Bering Sea. The second node is northward ice
novenent fromthe Bering to the Chukchi Sea during weak northerly or
southerly winds, driven mainly by a pre-existing north flow ng ocean current
The third and | east common node is northward ice novenent under the conbined
influence of a geostrophic wind fromthe southwest and the north flow ng
ocean current.

The first immobilization mde is an apparent bal ance between the w nd
stress fromthe north and water stress from the south, plus internal ice
stresses resulting in O net novement but existing for time periods generally
| ess than one week. The second and | east comon inmobilization node was

di scovered during cases where the nodel erroneously predicted large ice
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movenment southward through the Strait. .Instead, satellite imgery showed
| arge double solid sea ice arches had formed in the Strait. One arch reached
fromthe Chukchi Peninsul a (Cape Dezhneva) to the Dionede |slands and one
reached fromthe D onede Islands to the Seward Peninsula (Cape Wl es). These
arches remained intact under 26 ms‘l geostrophic Wi nds from the northeast and

resulted in O net ice nmovement through the Strait for up to four weeks.
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1. [ ntroduction

The prospect of oil devel opment in the northern Bering Sea has led to
recent studies of northward and southward sea ice novenent through the Bering
Strait (Fig. 1). This nmovenent in the nonths from Novenber to May can be
quite extensive and be intimtely connected to destructive interactions wth
sea ice in the St. Lawence Island (Shapiro and Burns, 1975a; Sodhi, 1977)
and Norton Sound vicinities (Stringer and Hufford, 1982). One exanple of
these interactions can be seen in Fig. 2 (botton) where southward ice
nmovenent below the Strait is related to westward novenent of ice out of the
Sound (Stringer and Hufford, 1982). Figure 2 (top) shows the atnospheric
pressure field determ ned by pattern recognition techniques (Hufford and
Schei dt, 1984), nost often associated with this interaction. Another exanple
can be seen in Fig. 3 (bottom) where northward ice novenent into the Bering
Strait and eastward ice novenent into the Sound occur sinultaneously
(Stringer and Hufford, 1982). Fig. 3 (top) again shows the atnospheric
pressure pattern nost often associated with this phenomenon (Hufford and
Scheidt, 1984). Note that this last case is a type of relaxation with w nd
forcing at a mninum

Sequential Landsat (NASA) and DAPP (U.S. Air Force) inmagery was used as
early as March 1973 to construct displacenent vectors for ice floes noving
through the Bering Strait (Shapiro and Burns, 1975b) . They showed an
apparent relationship between southward ice novement and northerly w nds at
Cape Wales on the western tip of the Seward Peninsula (Fig. 1). Thi s
movement occurred despite average yearly northward water transport (Coachnan

et al., 1975). Ray and Dupre (1981) also noted that the National Wather
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Fig. 2.
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The atnospheric pressure field (top) determ ned by pattern

recognition techniques (Hufford 1984) that is associated with

southward ice novenent below the Strait and westward novenent

(bottom) of ice out of Norton Sound (Stringer and Hufford, 1982).

Arrows on isobars (top) indicate wind direction in the Strait area.
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Fig. 3. The “rel axed” atnospheric pressure field (top) determned by pattern

recogni tion techniques (Hufford, 1984) that results in northward ice
movenent into the Strait and eastward novenent (bottom) of ice into

Norton Sound (Stringer and Hufford, 1982).
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Se'r.vi ce surface synoptic charts apparently explained alternating southward
and northward sea ice novenent in the Bering Strait region deduced from
February 1976 sequential Landsat imagery. Large-scale sea ice fracture
resulting in southward flow through the Bering Strait (ice breakout) has been
studied (Reimer et al ., 1979). They nodeled the Strait as a two-di mensional
chute and conputed the necessary load required to fracture and push ice. An
atmospheric pressure difference from Cape Schmdt (Siberia) to None Al aska,
(see Fig. |) exceeding 20 mb was related to ice breakout events in the wnters
of 1975 and 1976. This was an interesting study, but the geostrophic wind
which can be related to the direction of stress application is perpendicular
to the pressure gradient, not parallel. It will be shown below, on
exam nation of a greater data sanple, that a whole suite of wind directions
often produced by pressure differences less than 20 nb from Cape Schmdt to
None can shove ice south through the Strait.

The tools for short range, 1less than 24 h prediction (nowcasting
[ Browning, 1982]) of sea ice novenent through the Bering Strait existed, but
two prelimnary tasks were still to be perforned. First, an appropriate
at mospheric pressure network enconpassing the Bering Strait with at |east
three Worl d Meteorol ogi cal Organization (WMO) reporting stations had to be
found for conputation of geostrophic wind velocities. Second, |ong records
of continuous north and south sea ice notion had to be conpiled from
available satellite imagery to determ ne precursor characteristics. The
three network stations found were Uelen (U, Siberia), Provideniya (P, Siberia)
and Nome (N, Alaska) (Fig. 1). The continuous records of sea ice notion
were conputed from 11 years of daily visible and infrared NOAA 3-8 satellite
photographs. Table 1is a listing of sone Strait sea ice novement events

docunented from these photographs.
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TABLE 1

EXAMPLES OF PAST SEA | CE MOVEMENT EVENTS THROUGH THE BERI NG STRAI T

Documented by Satellite Imagery

Courtesy of Dr. Bill Stringer, University of Alaska, Geophysical Institute

Sout h North
Year Mont h Days Days
1974 Apri | 8-12
1976 February 5-12, 22-25 26- 28
Apri 17-20
Nov. - Dee. 29-2
Decenber 10-11 3-9
1977 February 10-12
Mar ch 1-2, 25-26
Apri 2-3, 9-12
1978 Mar ch 4-7, 27-28 21-25
Apri | 7-9
1979 February 26- 27 16-24
Apri 9-11
1980 February 20-22 1-3 (March)
Apri 6-7, 18
Decenber 7-13, 24-25, 30-31 19-21
1981 February 13, 16-19 4
Decenber 5-7 13
1982 Mar ch 14-15, 19-20 2-4
Apri 12-13, 27 18-21
1983 January 1-4, 7-8, 16-19 18- 15
February 17-22
Mar ch 9-15, 22-24, 16-30
Apri | 4-6
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2. Study Area

The Bering Strait’s oceanic cross section is roughly 85 kmx 50 m and
its annual average transport is ~ 1 Sv to the north, attributed to higher sea
level in the Bering Sea than in the Arctic OQcean (Coachman and Aagaard,
1981) . This relatively small annual northward transport would be five times
greater if not for wind induced flow reversals to the south occurring two to
three times per nonth and lasting six to 12 days (Kovacs and Sodhi, 1981).
Dai |y nean transport can reach 3.1 Sv (Coachman and Aagaard, 1981) to the
north which inplies currents up to 70 an'l, gi ven the above cross sectional
area. Current velocities of this magnitude are indications that oceanic flow
driven north or south tend to be funneled (see Fig. 1) and accelerated on
entering the Strait (Coachman et al., 1975).

The sane funneling applies to arctic winds in the Strait which tend to
fl ow around rather than over topography (Kozo, 1984). The Chukchi Peni nsul a
has small nountain range axes setting north to east while the Seward
Peninsul a has small nountain range axes setting north to west (Fig. 1). The
el evations are at least equal to 600 m which Dickey (1961) has shown are
sufficient to redirect and accelerate air flow during w nter conditions.

During the course of this study, it became apparent that ice moved north
and south through the Strait as if on a conveyor belt (Kozo and Tucker, 1974)
for a suite of conputed wind velocity vectors. Therefore, relating ice
nmovenent thresholds to a wind velocity conponent parallel to an assuned
strait axis orientation would sinplify devel opment of a prediction nomogram
However, determining the precise axis orientation for ice transit thresholds

was not easy. In addition to water and wind stresses, the ice novenent
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threshol d val ues woul d be affected by interplay of internal ice stresses

| and boundary effects and fast (inmmobile shore-attached) ice zone boundary
effects. Even the fixed |and boundaries (Fig. 1) present a problem The
Chukchi  Peninsula coastlines above and below the Strait are oriented 135° and
45° fromthe north, respectively. The Seward Peninsula coastlines above and
below the Strait are oriented 55° and 145° from the north, respectively. The
perpendicular to the line of mnimal distance (Cape Dezhneva to Cape Wl es,
Fig. 1) across the Strait is 31° fromthe north. Evidently there were
several choices of axis orientation. For the purposes of this paper, the
internal ice stresses and fast ice edge effects were neglected and the Strait
axis orientation was chosen to be 40° fromthe north. This angle represents
a perpendicular to the line from Cape Schmidt to Nome (Fig. 1). In this way,
conparisons can be made with earlier work by Reimer et al. (1979) where a
positive pressure difference (20 nb) between Cape Schnmidt and None was

related to ice breakout into the Bering Sea

3. Dat a

a. Surface atnospheric pressure and tenperature

Barometric pressure data, reduced to sea level, and tenperature data are
taken sinultaneously from a three station weather network and used to conpute
a hypothetical geostrophic wind for the Bering Strait. The three stations
are part of the global weather network and transmit real-tine data to the
National Meteorological Center (NMMC). They are Uelen (66”10 N, 169°50'W),
Bukhta Provideniya (64°26'N, 173°14'W), and Nonme ( 64°30'N, 165°24'W) (see
Fig. 1). The accuracies of these pressure and tenperature data from None, a

first order weather station, are better than *.25 nb and *1°C, respectively.
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The two Russian stations are assumed to be within these limts also.

b. Geostrophic w nd data_

These data were conputed from the pressure and tenperature data provided
by the three above weather stations. The atnospheric flow was assuned to be

i n geostrophic bal ance (I):

f(kx V) +Vp =0 (1)
P

The first termis the Coriolis force, and the second is the pressure gradient
force. f is the Coriolis paraneter (1.321 x 10'4 sec 1 at 65°N), k is the
vertical wunit vector, Vis the velocity vector, Vpis the gradient of the
at mospheric pressure, and p is the air density. Using the above station grid
(triangle in Fig. 1) and noting that pressure can be represented as a
function of latitude (y) and longitude (x) on a plane surface, the follow ng
set of equations:

PN(x,Y)=axN+byN + C

PU(x,y) = axy + by, + ¢ (2)

Pp(x,y) = ax,+ by, + c
are generated, where the subscripts N, U and P denote None, Uelen and
Provideniya, respectively. Pressure (P) data is broadcast by each station
and relative positions of each station are known on an x,y grid. Craner’s
rule can be applied to (2) to solve for unknowns a, b and c. Since 3P/3x = a
and 8P/dy = b, the pressure gradient (VP) can be computed. The geostrophic

velocity can now be calculated from (1) since f is known and p for dry air

can be estimted from station tenperatures.
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Station errors of *1°C (see above) in tenperature can cause errors of
.34% in the velocity magnitude since they affect p estinmates. Station errors

1

in pressure of +.25 nb can cause naximum speed errors *1,4 ms"~ and direction

errors greater than zi15°for wind speeds bel ow 3 ms L Therefore, at wnd

speed <3 m L

, wind directions should not be considered significant.

The main objective of this study was to create a nomogram for predicting
i ce novenment in the Bering Strait from conmputed geostrophic wind vel ocities.
The “true” geostrophic winds, therefore, are not as inportant as geostrophic
wi nd val ues derived from consistent data sources that conprise the triangular
network surrounding the Strait. Successful use of nesoscale network conputed
geostrophic winds and their increased resolution and predictive capabilities

over synoptic networks in the Arctic has been docunmented by Kozo (1980,

1984) .

C. Satellite inagery

The imagery used in this study came primarily fromvisible and infrared
NOAA 3-8 VHRR (very high resolution radioneter) satellite photographs. The
infrared imagery was utilized primarily during the nonths of Decenber,
January and February when daylight was mnimal. [In order to mnimze errors
due to the earth’s curvature, the scale was taken from the closest |and nass
The net ice nmotion in a 24 h period was nmeasured directly by tracking
identifiable floes or indirectly by measuring the change in open water extent
south or north of the Dionede Islands (Fig. 1). A mininmum of two consecutive
days of imagery is necessary to docunment a displacement. The error for a
typi cal two-day sequence is estimated at *5 km However, for sequences

greater than two days, the error reduces significantly.
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From Novenber 1974 to May 1984, close to 40% of the total observation
days during the ice-covered nonths (Novenber through May) have been obscured
due to cloud related undercast. Therefore, the nomogram produced from these
enpirical observations has not included a |arge percentage of the total
possi bl e ice novement data.  However, the product and technique outlined
bel ow based on the remaining 60% of the data, if representative, will be an

all-weather, undercast independent, predictive tool.

4. Results with Discussion

a.  Sea ice injections

The available satellite inmagery (1974 to 1984) has shown many episodes
of extensive south and north sea ice novement analagous t0 ice injections
through the Strait typically lasting five to seven days. There have been 39
cases of southward injections into the Bering Sea and 19 cases of northward
injections into the Chukchi Sea where the total ice input approxinately
equal ed the a}real extent of St. Lawrence Island (Fig. 1, SLI). O the 39
southward cases, 17 had an input nore than twice the area of SLI. For the 18

northward cases, only seven occurred with an input of double SLI's area.

b.  Advantages of the mesoscale atrmospheric pressure network

Fig. 4 shows the advantage of a mesoscale atnmospheric pressure network
(MAPN) for predicting ice movenent through the Bering Strait over that of the
NMC surface pressure anal ysis. The WMC surface isobaric analysis for 21
April 1982, 1200 Geenwich Mean Time (GMI) gives no indication of a strong

sout hwesterly wind. In addition, the surface wind directions at Uelen (U,
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Fig. 4.

2| APRIL 1982 (1200 GMT)

160
/0/6

V' 12.4 MS-! FROM 248°

ICE MOVED 15 KM N

An exanple of the lack of detail on an NMC surface isobaric analysis
(dashed lines in rob). The mesoscale network (Provideniya [P], Uelen [U],
and Nome [N]) shows a Vs (see arrow) of 12.4 ins-1 from248°. The surface
wi nd speeds at designated station |ocations are ~ 5 m ! for each
perpendicular flag, ~ 2.5 ms L for slant flags (i.e. Kotzebue [K]) and ~ O
for acircle (i.e. P). Oher stations shown are Point Lay (L) and Cape
Schmdt (S). The sea ice in the Strait area noved 15 kmto the north.



Provideniya (P), and Nome (N) are all different (Fig. 4). However, the
surface wind velocity (~ 10 ms'1 from 180°) at Uelen may offer a clue to the
eventual ice push direction. Satellite inmagery indicated that ice in the
Strait noved 15 kmnorth (5 km for this day. The MAPN cal cul at ed

1

geost rophic w nd (VG) was 12.4 ms - from 248° which fits the observed net

mot i on.

Fig. 5 is a case demonstrating the advantage of the MAPN over both
pattern recognition and NMC synoptic analysis. A type of relaxation node has
existed for four days (as in Fig. 3, top) which denotes probable northward
ice nmovenent. However, the MAPN cal cul ated geostrophic wind velocity
indicates that the “brakes” are being applied to northward sea ice novenent.

The 1200 GMT, 25 March 1978 ¥, was 11.0 ms L

from 75° and the average V,for
the next 12 h period was 12.4 ns‘ 'from 68.4°.  The net ice novement for 25
March was 6 km south (5 km).  The surface winds surrounding the Strait (Fig.
5) appear to be less than 5 ms'l, but their northerly direction may also be a
clue to the direction of wnd push.

The effects of orography are striking, even with a well defined surface
pressure pattern as denonstrated on April 5, 1983 (Fig. 6). The “dog’s
breakfast” of surface wind directions at P, U and N are evidence that
previous attenpts to correlate these local winds with ice novenent or ocean
current direction in their vicinity met with limted success (Coachman et

al., 1975 and Reinmer et al., 1979). The MAPN calculated V, was 23 m L

from
56.8°, again agreeing with the satellite determned large net ice novenent of

50 km (5 km) south in one day.
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Fig. 5.

25 MARCH 1978 (1200 GMT)
1020 _

VG I MS- FROM 75°

ICE MOVED 6 KM S

An exanple of the advantages of the network P-U- N analysis over both
pattern recognition and NVC surface isobaric analysis (dashed lines in
m) . Despite an apparent “relaxation”, the 1200 GMI network analysis
shows a VG (see arrow) of 11.0 ns‘'from 75°. The station and flag
designations are as in Fig. 4. The seaice in the Strait area noved 6
kmto the south.
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Fig. 6.

5 APRIL 1983 (1200 GMT)

Y
1]

996

VG 23 MS-I FROM 56,8°

ICE MOVED 50 KM S

An example of the effects of orography on the surface wind directions
despite a well defined isobaric pattern (dashed lines in rob). The
P-U-N network analysis shows v, (see arrow) of 23 ms‘ ' from 56.8°.
The station and flag designations are as in Fig. 4. The None (N) and
Kot zebue (K) wi nds woul d give no clue that the sea ice in the Strait
moved 50 kmto the south during this day.



C. I nplications for oceanic transport mechani sms

During the course of this nowcasting study, several mnor discoveries
were nmade. One of them provides evidence that previous conclusions
concerning the persistent northward oceanic transport through the Strait may
have to be reexam ned. Coachman and Aagaard (1981) have stated that the
basic driving force for this transport is a yet unexplained higher nean sea
level in the Bering Sea than in the Arctic Ocean. They also state that short
(several day) increases in northward flow volunme have two causes. The first
IS a conpensatory acceleration of flow followng a wind induced southward
transport event. After the driving wind subsides, ocean transport continues
south for a short time raising the water level in the St. Lawence
I'sland-Norton Sound area (Fig. 1), resulting in an enhanced sea |evel slope
down to the north. This creates a large increase in transport to the north
with a one day tinme lag. The second cause was the devel opnent of a strong
| ow pressure center (counterclockw se rotation) in the western Bering Sea
south and west of the Strait with isobars oriented north-south through the
Strait. In this case, southwesterly winds push water onto the relatively
shal l ow northern Bering Sea shelf, again enhancing sea |evel slope down to
the north

It must be noted that current data were not measured coincident with the
tinme period discussed below, however net sea ice novenent was neasured. This
novenent, in cases of weak synoptic winds, wll indicate surface current
velocities. The 00 GMI, 11 May 1984 WMC synoptic chart (Fig. 7) shows a weak
high to the southwest of the Strait pronoting slight off-shelf water novenent
inthe Bering Sea. In addition, the atmospheric pressure field shows a 12 nb

decrease in sea level pressure fromthe southwestern Bering to the
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Il MAY 1984 (00 GMT)

170E

L

I

V4
zi7ow ] 160

180

VG 2.6 MS-! FROM 58.7°
(LOW WIND CONDITIONS)

Fig. 7. A section of an NMC surface pressure analysis that indicates weak surface
winds and no apparent reasons for sea level in the Bering to be higher
than that of the Chukchi. The net sea ice novenent calculated with P-U-N
data was 18 kmto the north for a Vg (see arrow) of 2.6 ins-l from 58.7°.
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northeastern Chukchi Sea. Both effects would tend to make the sea level in
the Bering lower than in the Arctic Ocean, pronoting southward current flow
since it is opposite to the condition mentioned by Coachman and Aagaard
(1981) . This synoptic condition persisted on May 11 and was inbedded in a
period from My 4 to My 15, 1984 of relatively weak synoptic winds. The net
sea ice novement on May 11 was 18 km (5 km) north and followed a day of
almost no nmotion. This event was evidence that northward current flow occurs
wi t hout southwesterly wind forcing or a sea level slope down to the north.
The sane event also showed that accelerated flow can occur without a sea
| evel inbalance caused by a previous northerly wind. The MAPN cal cul at ed Ve
(Fig. 7) was a low 2.6 ins-I from58.7° (see errors for speeds < 3 m} in
Section 3b). The synoptic charts for the entire day showed no winds strong
or persistent enough to produce the recorded ice novement. This event took
place under relaxed conditions simlar to those depicted in Fig. 3 which were
found by pattern recognition techniques to be representative of northward ice
novenent .

There is anple evidence that all the mechanisns |isted above (Coachman
and Aagaard, 1981) are sufficient conditions for northward oceanic transport,
however, this exanple shows that they are not necessary conditions for this
type of transport. The recent ocean nodeling work of Liu and Leendertse
(1982) has shown a net residual circulation in the Strait area due to only
the tides and density field (baroclinic mode) with current anplitudes of ~ 10
cms'l. Their current characteristics match the data of Drury et al. (1981).
Based on this new nodeling effort, weather map analysis such as Fig. 7 and
net ice notion data, a northward flowing current driven only by tidal
residuals and the ocean density distribution nmust exist in the Strait wthout

the need for additional wind push or sea |evel differences.
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d. Constructing the _sea ice novenent prediction nonpgram

Sea ice satellite images from Novenber 1974 to May 1984 have been
exam ned and conpared to simultaneous MAPN conput ed Vgig tO produce an
empirical 12-hour advance forecast (nowcast) nonogram Table 2 gives the
dates and nbde categories for sonme of the sea ice nmovement events used in
constructing the nomogram (Fig. 8). The Geek and Latin letters from Table 2
are positioned in Fig. 8 to represent a MAPN conput ed VG (direction and speed
as independent variables). The directions indicated are those from which the
wind is blow ng. The smal| center circle (Fig. 8) represents V./swth
speeds less than 3 m;'l. Due to the errors mentioned in Section 3 and the
mnimal effects on ice notion at these |ow wind speeds, VG’s within this
circle should be considered as ~ O wi nds. V,,(see Table 1 for sign)
represents the V, conponent parallel to the assumed Strait axis, 40° from
north. This axis is indicated by ice novement direction arrows (Fig. 8) that
meet in the Force Balance Zone, one of five zones defined by w nd speed
ranges al ong ‘he 140 i These zones and the nonogram technique have
characterized three nmodes of ice notion and two nodes of ice inmobilization
in the Strait, Four predictable nmodes will be described below in conjunction
with Fig. 8 and Table 2. The fifth mode, though not predictable, was a
di scovery of this procedure and will be discussed in Section 4g below

Mde 1 covers two zones and represents wind-forced sea ice nmovement into
the Bering Sea which initially at least must offset a northward flow ng ocean
current.  To get neasurable ice novenent into the Bering, v 40 Must exceed
1.5 m" L (Fig. 8 Table 2). The ICE INTO BERING ZONE has 11.5 ms *
<v40§16.5 ms‘ "and produces net ice nmovenent of < 20 km (day)'l. The I CE

| NTO BERI NG > 20 km (day)-1 (ZONE) has V40>16.5 fn]é . The latter zone
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TABLE 2

SELECTED SEA | CE MOVEMENT EVENTS FOR THE BERING STRAIT

PLOTTED IN FIG 8.

A Referring to Fig. 8, V4ODVGspeed conmponent to Strait axis 40°

from north.
> 310° or < 130° > 0
B. | f VG direction = 310° or = 130 ' 40 =0
130° < V.< 310° <0

. No estimates of turning angle (directional difference between V,and V

surface) were made since orographic effects such as channeling and bl ockage

were very apparent and no conconmitant long term data base exists.

Mbde 1.

Into Bering Sea (wind-forced)

a.

> 20 km (day) "% (V,, > 16.5 ms 1)

Events: Y(14,15 Apr 82), Z(14,15 Mar 82)

y(13 May 78, A(18 May 77), A(11 Feb 84)
6(6,7 Mar 78), ¥(27 Dec 76)*%

*Y al so represents the average val ue needed to reverse the
ocean current, at 10 moff the bottomin the Bering Strait,
fromnorth to south for all three cases in Dec 76 (Coachman
and Aagaard, 1981) during total ice cover

< 20 km (day)}, (11.5 ms ! <v, < 16.5 in'l)

4

Events:  U(18 Feb 84), X(19 Feb 83), N(12 May 81)
V(22 Feb 76), W19 Feb 76), M(11 May 81)
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TABLE 2. (continued)

Mode 2. Into Chukchi Sea (ocean current forced, wind influence mnor)
a. > 20 km (day)"}, (-7.5 ins-1 < V, € Oms L)%, weak winds in

current direction

*RIE VS, .. 1S ~60% of v, then (7.5 ins-1 x .6) = 4.5 ins-|

urface

40°
or WMO equivalent of a gentle breeze

Events: A(10,11 Feb 79), B(16,17 Feb 79), C{(1,2 Feb 76)
D(27,28 Feb 76), E(20,21 Mar 78), F(2,3 Mar 82)

b. < 20 km (day)-l, (0 ms™L < V,.£7.5in"1), weak winds oppose

40
current direction
Events: K(9 Apr 82), R(27 Apr 82), T(3 My 84)
Q(24 Feb 79), 1(23 Jan 82)
Mde 3. Into Chukchi Sea (ocean current and wind influence as major forces)

a > 20 km (day)"}, (V, < - 7.5 ms )

Events: G 8 Apr 82), 6(6 Feb 82), T{4 Feb 82)
w(24 Feb 82)

b. no cases < 20 km (day)'1 for V,s- 7.5 s L
Mde 4. First immobilization node (no novenent through Strait)
a. (7.5 ins-1 <V,¢11.5ins-1 ), wind and water stresses in bal ance

Events: J(23,24 Mar 82), S(2 May 77), H(30 Mar 82)
L(20,21 Apr 81), 0(11 Apr 78), P(2 Apr 78)
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FORCE BALANCE=J S H L,0,P CURRENT REVERSALS =¥ (ICE COVER)
20 KM/DAY INTO CHUKCHI = A-G, €,W, 1 20 KM/DAY INTO BERINGs Y, Z, .\ A8,

I NTO CHUKCH! : K, R T,Q, INTO BERING 2 U, X, N, Mo wy

ICE INTO BERING > 20 KM/DAY

330 30

FORCE BALANCE ~_ .

STRAIT AXIS

300
/
{
270 t 20
\
\
ICE INTO BERING
240 N y - _ 120
T80 T ’ ICE INTO CHUKCHI
AR |
- 40 -
M/SEC
210 150
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ICE INTO CHUKCHI > 20 KM/DAY
v, FROM A
Fig. 8. The Bering Strait sea ice movement prediction nonogramwi th Geek and

Latin letters representing sanple MAPN conput ed \'IG's used inits
construction (see Table 2). The Strait axis is 40° fromthe north and
has ice novement arrows meeting in the Force Balance Zone. The center
solidcircle is the €3 ms'l wi nd speed zone and it represents direction
uncertainties >15°.
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conditions, if persisting for five days, would represent a total sea ice
injection into the Bering Sea approxi mately equal to double the area of St,
Lawrence Island (Fig. 1).

Included in these zone conditions were three cases (Decenber 11, 20, and
27, 1976) during total ice cover when the ocean current at 10 mfromthe
bottom switched fromnorth to south in the Bering Strait (Coachman and
Aagaard, 1981). Y (Fig. 8) represent the average MAPN conput ed Ve during
these three cases (29 ms‘ "from 61°). The 27 Decenber 1976 event was the
only one with clear satellite imgery. It showed net southward ice novement
through the Strait of 25 km

Mode 2 (Table 2) includes two zones of northward sea ice novenent into
t he Chukchi Sea and represents an ocean current dominated node with only
mnor wind influence. The ICE | NTO CHUKCHI > 20 km(day)™' ZONE (Fig. 8),
for -7.5 ms'|<v40§0 in’l, exists due to a pre-existing northward flow ng
ocean current. This current (see Section 4c) appears to be a conbination of
residual contributions fromthe Bering Sea tide and density fields (Liu and
Leendertse, 1982) and a sem -permanent downward sea |evel slope fromthe
Bering toward the Chukchi (Coachman and Aagaard, 1981). This also
corresponds to the relaxed wind field case (Fig. 3, top) of Hufford and
Scheidt (1984) that results in northward ice notion adjacent to Norton Sound
(Fig. 3, bottom). Sea ice injections into the Chukchi Sea equal to double
the area of St. Lawence Island (Fig. 1) will occur in five days. The ICE

Lo <75 m1 has a weak wind regi me

40
that opposes the northward flow ng ocean current reducing the net sea ice

| NTO CHUKCHI ZONE (Fig. 8) with O ms”

movenent to < 20 km (day)”’.
Mbde 3 does not occur as frequently as the previous two. It (Table 2)

i ncludes only one zone of northward sea ice nmovenent into the Chukchi Sea
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(Fig. 8) and represents a node under the conbined influence of both the w nd
and ocean current. Mode 3 is always within the | CE | NTO CHUKCHI > 20
km(day)'1 ZONE (Fig. 8) since the wind and water stress are in the sane
direction. However, Mde 3 has sometinmes produced | ess net novenment than the
~ O wind push cases in Mde 2. The Mdde 2 case represents a localized Strait
area ocean current push on the sea ice canopy from below. The Mde 3 case is
a conbination of the localized ocean current push and a |arge area w nd
stress pushing the entire sea ice canopy in the northern Bering Sea. This
indi cates that opposing internal and boundary stresses within the ice nmay
play a larger role in the Mde 3 case.

Mode 4 is one of 0 net ice nmovenment, usually lasting |ess than one week,
and it includes the Force Balance Zone with 7.5 ms'1<V40§11.5 Sl ‘he
primary force balance in the Strait area is between the wind stress pushing
ice south and the water stress pushing ice north. Again, internal ice
stresses and shore-fast ice boundary effects must play a role, but they are
beyond the scope of this study. A check on the relative nagnitudes of the

opposing surface wind stress (Ia) and water stress ('Ew) can be nmade as

follows using values typical of the Strait conditions:

2
1:a _ paca(ua'ra) (3)
] 2
1:w prwU w) (4)
wher e pa = density of dry air at -20°C ~ 1.4 kgm'3
C,6 = 10 mdrag coefficient for air/water in the Bering Sea

area ~ 3x10‘°(Walter et al., 1984)

U Daverage wind speed in the Force Bal ance Zone ~ 10 ms'1

ry = ratio of surface wind speed (10 m) to the cal cul ated

geostrophic wind ~ .6 ns‘ ' (Albright, 1980) for Arctic
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conditions . Not e: Albright used a high resolution

surface pressure grid and multiyear data base to derive

hi s =
p, = density of water at O'C~ 1x10° kgni’
C =2 mdrag coefficient for ice/water in the Bering Sea area

~ 16x10‘°(Pease and Overland, 1984)
Uy = typical current speed due to residual contributions from
the tide and density distribution in the Bering Strait
area ~ .1 ms‘ ' (Liu and Leendertse, 1982)
conparing (3) and (&) after inserting the above val ues:
T, 0 1.4 x3x107°x(10x. 6) = .15 N, ’
T, = 1x10° X 16x10°(.1)*= .16 N '
These values are quite conparable for the opposing stresses and add

m

credibility to the nonmogram design.

e Usi ng the_nonmogram

The users of this nonogram would follow a sinple procedure provided that
they have access to weather data transmissions simlar to that of NMC.
Simul taneous surface pressure and tenperature data from Uelen, Provideniya,
and Nome (Fig. 1) for 00 and 1200 GMI should be available to the user |ess
than three hours after recording at the respective stations. These data (P,
m P) can be input into the systemof equations (2) in Section 3b to solve
for ¥p. Air density (p) can be approxi mated using an average tenperature
fromthe three stations and the equation of state for dry air, p = P(RT5¥
P is the standard sea |evel atnospheric pressure (1013.3 rob), R is the gas
constant and T is the absolute tenperature. The solution for VP, p and
ultimately V (V,in our case) can be obtained from (1) using any progranmmable

hand cal culator. The VG for 00 and 1200 GMT are conbined to obtain an
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average velocity (\'IG). Once V.is known, the two necessary independent

G
variables, speed (radius vector) and direction (vectorial angle), can be
plotted on polar coordinate graph paper (for best resolution) with the
nonograms five wi nd speed zones and ' 40 axis superinmposed. For exanple,
= 1011.3 nb, and an

using data fromFig. 6, P, = 999.4 nb, P = 1008.0 nb, P

N U
average tenperature of -5°C (not shown in Fig. 6), Ve = 23 ms‘'from 56.8°.

Plotting this value on Fig. 9 (X bottom) and finding the V,o conponent by
drawing a perpendicular fromthe V, axis to X shows that the nonogram
predicts net ice nmovement > 20 km (day)'1 to the south. The actual net ice

moverment was 50 km sout h.

f. Testing the nomogram technique

(1) NOAA satellite imgery

Fig. 9 (bottom) represents the nonpbgram base chart as constructed from
data in Fig. 8. In this case, a tine period having 23 consecutive days
(April 6-28, 1982) free of major undercast was chosen to test the accuracy of
the MAPN and nonogram predictions. The numbers 6-28 are April dates and
represent the positions of the 00 and 1200 GV nean VG's on those days. If
the wind direction changes by nore than 90° in 12 h, and/or the change woul d
reverse the direction of ice notion, no prediction would be nade. If any of
the three network stations failed to report at either the 000 or 1200 GMI
time periods, then the closest available sinultaneous time period was used
for the average Vi Fig. 9 (top) shows the net sea ice direction and
novement in km for the corresponding days. Remenbering that the error bounds
on the inagery were 5 kmand the V. swere #1.4 ms-,1 t he nomogram t echni que

failed in only three cases.
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Fig. 9. | ce displacenent (top) compared to MAPN Vg's for 6-28 April 1982 plotted
wi th corresponding day numbers on the sea ice novenment prediction nonmogram
(bottom .  The nunber positions represent wind velocity vectors whose Vio

conponents define the daily predicted ice novenent zone. y jg g sanpl e v,
calculated from surface pressure data in Fig. 6. prawing a perpendicul ar
line fromX to the Strait axis results in a Vio © 22.in°l. This is the
Ice Into Bering > 20 km (day)™' Zone.
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The first case was April 8, 1982 where > 20 km of northward novenment was
predicted but only 8 km neasured. Possibly the unusually long string of
previous days (17) with both recorded and predicted (by techniques fromthis
study) northward sea ice noverment resulted in miniml space for new ice
advected into the Chukchi Sea

The second case was April 12, 1982 where a VG of 13.6 ins-1 from 22.5°
produced 31 km of actual ice novenent to the south instead of < 20 km south
predicted by the nonogram Here the wind direction was 180° fromthe |ast
maj or northward push (April 8, 1982) and only the second day of consisted
Vs's from the northeast. There was evidently anple room for sea ice
advection south through the Strait from the Chukchi Sea w thout need for
additional deformation. It must be noted that these observed tendencies for
di mnished sea ice notion after 17 consecutive day of northward push (case 1)
and enhanced sea ice notion after 180° wind direction reversals (case. 2)
agree with the observations of Agerton and Kreider (1979). Their results for
the Beaufort Sea have shown that the conditions for nmajor sea ice novenent

1

are a wind speed threshold of 13 ns = and alternation of stress application

direction by 180°.

The third case on April 19, 1982 had 10 km of net northward sea ice
novenent shown on the satellite imgery. The nomogram predicted novenent >20
kmto the north. There is no explanation for this discrepancy, however, the
motion on the next day (April 20, 1982) was unusually large to the north,
indicating that some conpensating mechanism may be at work

In summary, there were three bad predictions out of 23 or 87% correct.
None of the “bad” predictions were off on the direction of ice nmovenment, only
the magnitude. The nomogram can be overlayed on polar coordinate graph paper
and MAPN conput ed VG'S plotted very sinmply. The perpendicular to the Vio

axis should give the predicted net sea ice novenent.
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@Buoy drift data (description from Reynolds and Pease, 1984)

Data buoys inplanted on ice floes in the winter of 1982 were tracked by
satellite through use of a position transponder called an ARGOS Data
Acquisition Platform (ADAP), Mbdel 901. These were made by Polar Research
Laboratories in Santa Barbara, California. ARGOS is a cooperative project
bet ween Centre National d’'Etudes Spatiales (CNES) of France, the U S
National Aeronautics and Space Adm nistration (NASA) and the National Cceanic
and Atnospheric Administration (NOAA). The ARGOS receiving systemis carried
by NOAA polar orbiting satellites. Each ADAP platform position is received
8-12 times per day with an accuracy of 200 min longitude and 100 m |atitude
Table 3 presents the nonogram predictions versus various net buoy drift
di stances (Reynolds and Pease, 1984). The buoy |ocations chosen were between
1° south and .5° north of the Strait, because the MAPN grid is essentially
south of the Strait proper (Fig. 1). The net novenent of individual buoys on
various ice floes is froma snaller data base and is not exactly the same as
net ice movement taken from satellite photographs. However, future projects
using the high resolution all-weather capabilities of the buoys, m ght
provide data for fine-tuning the nonogram technique. At |east one buoy and
sonetinmes three were in the"Strait area at various times from3 February to 3
April 1982. In Table 3, net buoy displacenent (X) to the north (N) or south
(S) can be conpared to the nonogram predictions (NP) for the given MAPN

comput ed average velocities (VG). There was agreenent in 33 out of 40 days

for 82.5% correct predictions. One case, February 12, 1982, had V,change

1 in 12 hours which is a condition not

from 256°, 13 ins-1 to 74°, 18 ns
included in the nonmogram construction. On February 17, 18, and 27 and March
22 and 26, the predictions were off on net distance but not direction. The

March 29 and 30 dates each had buoy moverment (X) of 8 kmnorth while the
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TABLE 3
NET BUOY DI SPLACEMENTS (X) VERSUS NOMOGRAM PREDI CTI ONS (¥p)

Dat e Buoy X (km \'IG(direction)[ (“froni,

(82) # N or 9 speed [in“1]) NP (km) Agr eement
3Feb 2324 39N 139, 11 > 20N yes

4 Feb 2324 39N 195, 11 > 20N yes

5 Feb 2324 12N 112, 17 (sea ice noved < 20N yes

west ward also)

6 Feb 2320,2323,

2324 44N (Ave.) 226, 16 > 20N yes
7 Feb 2320,2323
2324 72N (Ave.) 213, 16 > 20N yes

8 Feb  2320,2323 66N (Ave.) 231, 9 > 20N yes

9 Feb 2325 : 16N 320, 4 < 20N yes
10 Feb 2325 10N 057, 7 < 20N yes
11 Feb 2325 22N 011, 3 #(in 3 N5 zone > 20N yes®

consi der ~ O
12 Feb 2325 36N (256, 13 to 74, 18 in
12 hrs) no prediction -

13 Feb 2325 10s 075, 16 < 20s yes
14 Feb 2325 65S 021, 17 > 20s yes
15 Feb  2323,2325  74S (Ave.) 017, 17 > 205 yes
16 Feb 2320,2324 77S (Ave.) 025, 18 > 20s yes
17 Feb 2320,2324 45S (Ave.) 037, 13 < 20s no
18 Feb 2324 44s 024, 13 < 20s no
“24 Feb 2320,2324 45N 205, 14 > 20N yes
25 Feb 2320,2324 27N (Ave.) 195, 8 > 20N yes
26 Feb 2320,2324 76N (Ave.) 193, 10 > 20N yes
27 Feb 2324 12N 251, 6 > 20N no
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TABLE 3. (continued)
Dat e Buoy X (km, \i (direction)[g‘l’from] ,
(82) # N or 9 speed [ "1) NP (km) Agr eement
5 Mar 2325 36N 152, 11 > 20N yes
6 Mar 2325 45N 125, 18 > 20N yes
7 Mar 2325 45N 140, 15 > 20N yes
8 Mar 2325 78N 137, 24 > 20N yes
9 Mar 2325 65N 168, 13 > 20N yes
19 Mar 2325 24S 057, 23 > 20s yes
20 Mar 2325 51s 053, 29 > 20s yes
21 Mar 2325 36S 062, 23 > 20s yes
22 Mar 2325 8S 045, 21 *(P incresed ~ 8 > 20s no¥
mb in 12 hrs at
all 3 stations)
23 Mar 2325 5N 339, 4 #(sea ice noved < 20N yes®
eastward al so)
24 Mar 2325 ~3N 002, 8 *(mainly east force balance yes¥*
not i on)
25 Mar 2325 3N 039, 8 *(some east force balance yes*®
not i on)
26 Mar 2325 1IN 135, 10 *(close to error > 20N no¥
bounds of MAPN)
27 Mar 2325 23N 133, 13 > 20N yes
28 Mar 2325 22N 123, 5 > 20N yes
29 Mar 2325 8N 049,10 *(P increased ~ 5 force balance no¥*
mbin 12 hrs at
all stations)
30 Mar 2325 8N 036, 9. force bal ance no
31 Mar 2325 2N 062, 6 < 20N yes
1 Apr 2325 7N 008, 6 < 20N yes
2 Apr 2325 47N 163, 9 > 20N yes
3April 2325 36N 216, 16 > 20N yes
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nonogram predicted (NP) a force balance or O notion. The March 26 date
showed X equal to 11 kmnorth while NP was > 20 kmnorth. In this last case,
errors in the MAPN (Section 3) could have made the prediction incorrect.
The above nentioned cases on March 22 and 29, 1982 were probably not in
geostrophic balance (I). Bot h showed the pressure field changing rapidly
during the 00 to 1200 GWI tinme period at stations in the MAPN. Therefore, an
additional w nd velocity conmponent proportional to the barometric tendencies
directed fromhigh to low tendency isopleths (isallobars) exi sted. The
mat hemati cal expression (5) for the wind conponent due to a changing pressure
distribution, isallobaric conponent (VI), was derived in Brunt (1941):
Vp =% (5)
f2p
where all terns are defined as in (1) and (+) represents the partial
derivative with respect to time. Using (5) the March 22, 1982, MAPN V.(see
Tabl e 3) woul d have negl ected an opposing Vs of ~2 nms‘'from 145°. The March
29, 1982 MAPN Vs (see Table 3) woul d have an opposing Vi of ~ 1.5 ms ‘" from 227.
The sane days also had maps showing isobars with the radius of curvature
| ess than 300 km (see Kozo 1982). This type of wind flow, called gradient
flow, requires that centrifugal force be added to the terns in (1) for a
force balance. The March 22 and 29 dates were instances of cyclonic flow
maki ng Ve an overestimate of the true free streamw nd velocity (VT). The

expression (6) for VI is (Holton, 1973):

2 _
g0tV - £V, =0 (6)

R
where R = radius of curvature of the isobars. Using (6), the March 22 VT is

—

15.9 ms ~ from 45° which if used in the nombgram would give a correct

prediction of < 20 km S (see Table 2). The March 19 VT is 8.5 ins-I from 049°
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whi ch conbined with V| above gives a correct prediction of < 20 km N within
the MAPN error bounds.

The present MAPN does not account for isallobaric effects or gradient
flow since a sinple procedure for prediction was examned first. These extra
refinements can be built into the wind velocity calculation and on

application to the nonogramw || increase the accuracy ~ 5%.

g. Discovery of solid double sea ice arches

The doubl e sea ice arch represents the |onger duration second node of
ice immbilization nentioned in Section 4d. This node is rare in the Bering
Strait since only five cases have been seen on inspection of 11 years of sea
ice satellite data. A satellite photograph (Fig. 10) taken May 5, 1980 shows
the characteristic solid double ice arch in the Strait using the tip of the
Chukchi Peninsula (Cape Dezhneva), the D onmede Islands and the Seward
Peninsula tip (Cape Wales) as anchor points. Norton Sound is totally free of
ice (see Fig.2 for possible mechanism of ice renoval) except for shore-fast
sea ice on the southern side. Aso, there is a large expanse of open water
south of the Bering Strait arches and south of St. Lawence Island. Since
the image was taken 21 days after the arches formed, it appears that it was
not cold enough for new ice formation and the presence of arches prevented
resupply by old ice advection south into the Bering. These arches are not
the arched fractures seen in sea ice during failure nodes (Sodhi, 1977
Reiner et al., 1979), but evidently represent strong inpedinents to sea ice
movenent to the south. As evidence of the lack of fractures in the ice
canopy during the solid arch phase, the above (April 14 to May 10, 1980)
period represented a halt in Bowhead whale migration through the Strait

(Hufford, 1984; National Weather Service, Anchorage, pers comm.).
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Fig. 10. A photograph made from a satellite image taken May 5, 1980 showing the characteristic solid double ice
arch in the Bering Strait using the tip of the Chukchi Peninsula (D), the Diomede |slands and the Seward

Peninsula (W tip as anchor points. There is a large expanse of open water (ON south of the Strait,



The double arches were discovered indirectly through failure of the
nonogram prediction system In all double arch cases, the nombgramwith \’IG
from the MAPN predicted > 20 km (day)"1 of net ice novenent into the Bering
for at |east 50% of the arch period. In addition, the > 20 nmb pressure
difference ice breakout criterion (Reimer et al., 1979) from Cape Schmdt to
Nome (Fig. 1, Section 1) was exceeded at sonme time during all the double arch

periods. This criterion represents of 135ms™! for an air density of

3

140

1.4 kg m*° which would produce a < 20 km (day)'1 sea ice novenent south
through the Strait according to the nomogram  Fig. 11 shows sanple NAPN VG's
from designated periods such as April 14-My 10, 1980, February 26-March 8,

1984, and March 22-April 21, 1984 plotted on the nonogram There were

-1

several with 40 ~ 2% ‘s

cases and no ice novement at all through the

Strait, though novenent could be seen above and bel ow.

The theory predicting the limting spans for arching of granul ar
material flow ng through a chute (Gardner, 1962; Richnond and Gardner 1962)
as adapted by Sodhi (1977) will be used to show the reason for double arch”
exi stence despite the strong MAPN winds seen in Fig. 11. It seens possible
that the double arches are a natural phenomenon resulting from a persistent
period of strong wind velocities which nmost certainly would destroy a single
arch across the entire Strait. Fig. 12 is a blowup of the Strait area from
Fig. 10 with the Chukchi and Seward Peninsulas and the Dionede Islands again
shown as anchor points for the sea ice. The dashed curves differentiate the
sea ice arches from the coastal boundaries and the dark areas are open water.
The strength of a single arch can be estimted by conparing the arches in
Fig. 12 to the inset drawing. The span width (2A) of the arch fromthe
Di omede Islands to Seward Peninsula is 41 kmand fromthe Chukchi Peninsul a

to the Diomedes is 37 km The width of the Diomede Island bl ockage zone (see
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VGFROMA FOR O MOVEMENT CASES WITH DOUBLE ARCHES

e =APR.14 -MAY 10,1980

+ = FEB.26- MAR 8, 1984
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Shapiro and Burns, 1975a) is 7 km 6 can be read with a conpass fromFig.
12.  The eastern arch (Dionede Islands-Seward Peninsula) has a & ~ 80° while
the western arch (Diomede Islands-Chukchi Peninsula) is nore irregular with
an average @ of ~ 80° also. From(7)
@ =1/4 + ¢/2 (7)
wher e = angle of internal friction
© = angl e between the horizontal and tangent to the
arch profile
o is estimted as 70° for both arches. Next (8) is used to solve for t as

defined by (9).
7\=%(1+sin 0) (8)
1T=pcCV (9)

Here:
A = half span width (m
¢ = cohesive strength a1
T = net stress per unit area (Nm %)
(wind and water stress conbined)

mass density of medium (kg m )

p =
C = drag coefficient (unitless)
V =wind velocity (ms'l)

Cohesive strength (c) for Amundsen Channel (Beaufort Sea, June) sea ice
ina solid arch was estimated from (8) and (9) at failure to be 1993 nm'1
(Sodhi, 1977). The net stress (1) applied to this arch (O water stress
assuned) was calculated using a typical 10 mair-ice drag coefficient of

1X10° for C and local winds for V. Recent Bering Sea work by Wlter et al.
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(1984) shows the drag coefficient to be 3x10°or three times the Sodhi
(1977) estimate. Using this newer value for C would give ¢ = 5979 No ™' as
the cohesive strength of sea ice at failure. Gven this ¢, taking ¢ = 70°,
and A ~ 20x10°m (doubl e arches) and substituting into (8), t (net) = .58
Nm .

Renenbering that water stress generally opposes wind stress fromthe
north, Ty is defined by (3) in Section 4d and estimated to be -.16 Nrf. The

net stress tv, as seen in (10), will allow calculation of air stress T,

(defined by [4] , Section 4d) .

=T, T, (10)
Therefore v, = (.58) - (-.16) = .74 N’
Hence from (3)
Y o= ¢ = .74
a

a

pa C, r * 1.3x3x107°x(.6)°

or U= 23 ms L .40 ON nonogram axi s.

This geostrophic wind corresponds to a surface wind of 13.8 & . Surface
winds of this nmagnitude from Novenber through May occur |ess than 10% of the
time (Brewer et al., 1977) at Tin Gty (near Cape Wales, Fig. 1) which is close
to the Strait. ‘he estimated , o value . 4 ‘S-l Is simlar to the maxinum

' 40 S€en on Fig. 11 which is approximtely 26 ms'l. The cohesive strength

estimate used here could have been slightly larger since no evidence of arch

breakup during these w nds existed. The actual way that the arches are
finally destroyed is a relaxation of the northerly winds and a switch to pure
water stress or wind and water stress conbined fromthe south. It should be
noted that using the half span length for a single arch across the entire

Strait (v~ 42.5 km) in (8) wth all other parameters the sane yields v = .27
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Insertion into (10) gives a Vio © 17.5 ms "% which would be exceeded by 50% of the

values shown in Fig. 11, thereby leading to arch failure

5. Summary and concl usi ons
The conbination of MAPN cal cul at ed Vg's and the polar coordinate

nonogram provides an all weather sea ice novenent nowcasting capability for’”
the Bering Strait with an average accuracy of 85% . The MAPN inprovenent
over NMC surface pressure analyses and pattern recognition techniques -has
been denmonstrated.  This study, though meteorologically oriented, also has
shed further light on both sea ice and oceanographic phenonmena. The ocean

currents, in particular, in the Strait area are crucial to the prediction

s theme

a. Sea ice novenent nodes

Three nodes of ice novenent were found. The first is a southward

movement into the Bering Sea requiring a V,, 2 12 in”l. The second node is

movenent into the Chukchi Sea during weak synoptic wi nds, driven by a north
flowi ng ocean current made up of tidal and baroclinic residuals. The third
mode is northward ice movement under the conbined influence of winds fromthe

sout hwest and a pre-existing north flow ng ocean current.

b Sea ice immbilization nodes

There were two nodes of ice immobilization found in the Strait. The
first node is an apparent bal ance between wind stress fromthe north and a
wat er stress provided by a current fromthe south. Internal ice stresses and

fast-ice boundary orientation must play a role, but they are not covered in
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this study. The O net novement is short term usually lasting | ess than one
week.  The second node was discovered only five tinmes in 11 years. |n each
case, the polar coordinate nonogram predicted |arge ice novenment south
through the Strait when, in fact, there was none. Double solid sea ice
arches made possible by the Diomede Islands anchoring the mddle colum of
the arches were seen as the culprits. A theoretical calculation of the
strength of single arches across the entire Bering Strait showed fracturing

at the MAPN generat ed V's. However, the same calculation on double arches

showed the ability to withstand the VG's (V40 ~ 26 ms'l) generated during
the arch periods. This longer period inmobilization node (up to three weeks)
can hinder spring whale mgration into the Chukchi and aid in opening up the

region below the Strait as well as Norton Sound.

C. Driving force behind the north flowing current in the Strait

The general higher sea level in the Bering over that of the Arctic Ccean
and the conpensatory circulations caused by local sea level differences after
northeasterly winds can create northward flow ng ocean currents through the
Bering Straight without apparent local w nd pushing. However, through the
course of this study, several northward ice flow novement events were seen
wi t hout apparent wind forcing or large scaleatmospheric pressure fields
conducive to raising the sea level in the Bering over that of the Arctic
Ccean (Chukchi). Also, northward ice novenent continued three days beyond
rel axati on of strong northeasterly  winds, precl udi ng conpensatory
circulations due to |ocal sea |level differences. Wrk by investigators
nmentioned above, plus evidence presented, points to residual northward

transport from the tide and ocean density fields.
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d. Recommendati ons for future work

The MAPN-nomogram techni que can be inproved in several respects if a
need arises. Bad prediction can often be traced to two major cases where a
geostrophi ¢ balance does not exist. One case is under accelerating
conditions when pressure is changing rapidly requiring an isallobaric
component of the wind. Another case is when strong curvature of the isobars
exists (radius of curvature less than 300 kn), inplying that a gradient w nd
bal ance is needed. The nonogram itself can be finer tuned if nore data of
the type collected by Reynolds and Pease (1984) can be matched to satellite
i nformation. This data mght prove very useful to determ ne further
differences in northward ice novenent driven by a wind and current push
versus movement driven by a current alone. The MAPN accuracy can be inproved
by a cooperative visitation program involving the Russian sites in the
network. A baronetric standard could be used to calibrate all three sites to
arrive at nore precise Vp values from which v, is calculated.

G
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